The mechanism of magnetic pumping consists of two processes, the adiabatic motion of charged particles in a time-varying magnetic field and their pitch angle diffusion. The result is a systematic increase in the energy of charged particles trapped in mirror (and particularly, magnetospheric) magnetic fields. A numerical model of the mechanism is constructed, compared with analytic theory where possible, and, through elementary exercises, is used to predict the consequences of the process for cases that are not tractable by analytical means. For energy dependent pitch angle diffusion rates characteristic 'two-temperature' distributions are produced. The model is applied to the outer Jovian magnetosphere for two purposes; to find magnetospheric regions in which the mechanism may energize trapped particles, and to generate distribution functions involving pitch angle diffusion caused by wave-particle interactions. We find that beyond 20 R• in the outer magnetosphere particles may be magnetically pumped to energies of the order of 1-2 MeV and we predict two-temperature distribution functions with 'break points' at 1-4 keV for electrons and 8-35 keV for ions.
INTRODUCTION
Unexpectedly large fluxes of energetic particles were detected in the outer Jovian magnetosphere by the Pioneer and Voyager spacecraft measurements. With energies too high to be explainable by solar wind injection, the source of these particles is assumed to be within the magnetosphere. One possibility for the energization, proposed by Goertz [1978] , is the magnetic pumping process of,41fv•n [1954] . In Alfvrn's model [,41fvd, n and F•ilthammar, 1963] cyclic variations of the magnetic field strength are combined with isotropization of the particle distribution functions when the field strength reaches a maximum or minimum. As the field strength is increased, the mean perpendicular (to B) momentum of the distribution increases, conserving the first adiabatic invariant of each particle, while the mean parallel momentum remains constant. Isotropization of the distribution when the field is at a maximum tums some of the high perpendicular momenta into high parallel momenta, which do not decrease when the magnetic field is reduced. Repeating this cycle leads to an increase in the mean momentum of the distribution with time.
Goertz's model is based on the idea that low-energy magnetospheric particles, conserving their total (kinetic plus potential) energies, will E x B drift approximately along electric equipotentials. If the magnetic field is not rotationally symmetric, the drift will carry the particles through regions of differing magnetic field strength, hence the magnetic cycle. Pitch angle scattering of the particles is assumed to be effected by the presence of plasma waves, for example, those observed by the Voyager plasma wave experiment . One shortcoming of the Goertz model is the requirement that pitch angle scattering occur only at local noon and midnight. Energization through the magnetic pumping process will also result from various amounts of pitch angle scattering occurring, more realistically, throughout the magnetosphere. Furthermore, Goertz did not evaluate steady state distribution the new field topology will be sufficient to calculate the new distribution.
The coordinate transformations are obtained from the two adiabatic constants of the motion for mirror geometry. An idealized magnetic field topology described below, although not necessary, will simplify our calculations. The first adiabatic invariant (magnetic moment),/•, may be written Using the particle's pitch angle, a (a = 0 ø for field-aligned velocities), we express the perpendicular momentum of a particle as P. = P sin a, yielding B sin: a = •
B.
where Bm is the mirror field strength. With this equation and the knowledge of a particle's pitch angle at a point of known magnetic field strength, the mirror field strength (independent of particle momentum) can be determined. 
We now assume a model for the magnetic field strength, B(z), along a particular flux tube, taking it to be of the form [Goertz, 1978] B--Bo + •az:
with the restriction that there exists some z = z½ such that B(z½) = Be = const
(see Figure 1 ). Although this model cannot be regarded as rearistic for high latitudes, its analytical convenience is an obvious advantage. We do not expect the qualitative nature of our results to change if we would add higher order terms in (6). We have tested the effect of varying the value of z½ and B(z½) and have found no change in energization rates. We also used a square root dependence of B(z) in z and have found little difference in the energization rates.
Inserting the magnetic field model (6) into (5) for the hybrid invariant K, and using (6) to obtain the upper limit of integration, we find K = 2(2) (a) (Bm-BO) 
The total number of particles with equatorial pitch angles between So and ao + tiao, n(so)dso, will be the product of the number of particles in the equatorial region with equatorial pitch angles ranging from So to ao + also and the extent of the region they occupy. Thus, from relations ( We now look into a more applicable, but more complicated, model similar to the one proposed by Murty and Varma [1958] . In the Alfv6nic model, the diffusion is restricted to times when the magnetic field is at its maximum and minimum values. At those times, complete isotropization is allowed to occur. In this more realistic model, we require the diffusion to occur continuously, and at a constant rate, as the equatorial field strength changes (sinusoidally) with time. There are two limiting values of the diffusion rate (amount of diffusion/cycle) for which there will be no momentum gain. The first is the limit of the diffusion rate going to zero. Throughout the cycle the distribution will change adiabatically (no scattering to violate the first or second adiabatic invariant), returning to its original form at the end of a cycle. The second case is the limit of infinite diffusion, forcing the distribution to remain isotropic at all times as the magnetic field varies. Using simple arguments we show in Appendix 2 that, in this limit, the energization approaches zero.
The The next cases considered concern diffusion coefficients •(P) that vary linearly with momentum. Figure 7a displays the results of a coefficient variation which produces less efficient energization at higher momenta than it does at lower momenta. As is evidenced in the figure, we may expect particles produced at low momenta to 'pile up' as they are accelerated to higher momenta, causing the distribution to fall off more slowly than 1/P. One interesting consequence of such a diffusion coefficient is the creation of distribution functions with positive slopes. In Figure 7b the diffusion coefficient varies in the opposite sense, with the energization being more efficient at higher momenta than at lower. Here, as intuition would indicate, the distribution falls off faster than 1/P.
The final cases of momentum-dependent pitch angle diffusion coefficients that we choose to examine concern coefficients that vary strongly (or discontinuously) at one momentum value, producing abrupt transitions between (momentum) regions of differing energization efficiencies. The steady of particle momentum. We now apply the continuous-diffusion magnetic pumping mechanism to particles trapped in the corotating magnetosphere of Jupiter.
PARTICLES IN THE JOVIAN MAGNETOSPHERE
Due to the azimuthal asymmetry of the Jovian magnetic field, particles will drift around the planet through regions of differing magnetic field strength, and due to the presence of plasma waves, those particles will be pitch angle scattered as they drift. Thus, for particle distributions trapped in the magnetosphere, there exist mechanisms both for changing the magnetic field strength (adiabatic motion) and for pitch angle scattering (diffusion).
a. The Pumping of Particles
In order to model the equatorial magnetic field strength and to calculate the corotational electrical potentials of Jupiter, we choose (as in Goertz [1978] To determine the regions of the magnetosphere in which the pumping mechanism energizes particles, we must compare the energization time re to particle loss times. In the outer magnetosphere loss cone escape of particles is negligible [Coroniti, 1975] In reality pitch angle diffusion must take place in all regions of the magnetosphere, although its strength may be local-time dependent. We have numerically followed the evolution of an arbitrary distribution function assuming that all particles stay on one drift shell. This is not exactly true but a reasonable approximation for energies below 1 MeV. In the magnetic pumping process the characteristic energy (mean energy) of the distribution increases exponentially with time and we have investigated the time constant rf of this increase as a function of magnetic field topology and pitch angle diffusion strength. It should be stressed that as the mean energy increases the particles spread in real space, the radial transport being directly related to the pitch angle diffusion strength and the field topology via rf. The mechanism does therefore not increase the total energy content of a flux tube if the plasma distribution is uniform in space. However, if particles are injected in the inner region of Jupiter, the characteristic energy and energy distribution of the plasma varies with radial distance. If r•r is smaller than the time for radial diffusion at constant first and second adiabatic invariants, the characteristic energy for ions increases with distance, and for electrons, decreases with distance. Otherwise it decreases for ions and increases for electrons, but not as fast as expected on the basis of conservation of the first two adiabatic invariants.
We now will discuss the global aspects of our results. It is believed [Goertz, 1979; Hill, 1979; Morabito et al., 1979] A careful reader will have noticed that the magnetic pumping energizes only inward diffusing electrons. Magnetic pumping causes ions to diffuse outwards and electrons inwards.
This constitutes a radial current which has to be closed if a steady state rotation is to be maintained. We suggest that the current is closed by field-aligned currents carried by electrons out of the Jovian ionosphere. This is also implied in the model of Hill [1979] and has been suggested by us before [Goertz, 1979] . Ionospheric electrons can be trapped in the equatorial current sheet [Goertz, 1973 [Goertz, , 1976 and provide a source for inwardly diffusing electrons which are strongly heated as they are transported and may provide a background of hot (Te > 3 keV) electrons in the inner magnetosphere. We will elaborate on these aspects in a future paper. In Figure 15 we give an overview of this model and sketch the expected distributions for electrons and ions at various locations in the magnet- 
